Nonheme iron oxygenases are important to a wide range of biological functions that include the metabolism of xenochemicals, the biosynthesis of antibiotics, and DNA repair.^[@ref1]^ One very large family of mononuclear iron proteins share a two His, one Glu/Asp motif at their metal binding site, referred to as the 2-His-1-carboxylate facial triad.^[@ref1]^ Many enzymes within this class are able to activate C--H bonds of high bond dissociation energy via O~2~-derived iron peroxo- or oxo-intermediates.^[@ref2]−[@ref4]^ Understanding the formation and properties of activated iron--oxygen complexes not only unravels the basis of their divergent reactivities but also aids in the design of novel iron-based catalysts that are inexpensive and environmentally friendly.^[@ref2]^

Two recently discovered mononuclear nonheme iron(II) oxygenases, 2-hydroxyethylphosphonate dioxygenase (HEPD)^[@ref5]^ and methylphosphonate synthase (MPnS),^[@ref6]^ have been shown to react with an unactivated aliphatic C--H bond in the absence of exogenous reductant. Both enzymes act at C-2 of a common substrate 2-hydroxyethylphosphonate (2-HEP), coupling a net C--C bond cleavage with a four electron reduction of O~2~, before the mechanisms bifurcate to yield different products.^[@ref5]−[@ref7]^ The Fe(II) center in HEPD is coordinated by the classical 2-His-1-carboxylate facial triad,^[@ref5]^ whereas the precise ligand set in MPnS is not known as the MPnS sequence lacks the anticipated Glu/Asp of the triad and structural information is not available. Because these enzymes do not require an exogenous reductant, which is necessary to produce high valence iron-oxo complexes,^[@ref3]^ HEPD and MPnS have been suggested to employ an iron(III) superoxide complex as an alternate hydrogen atom abstraction species ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref5],[@ref8]−[@ref10]^

![Proposed Mechanism of Initial H-Abstraction for HEPD and MPnS](ja-2015-03907h_0001){#sch1}

The role of an iron(III) superoxide in H atom abstraction has been previously demonstrated in the dinuclear nonheme iron oxygenase *myo*-inositol oxygenase (MIOX),^[@ref11],[@ref12]^ and in a biomimetic inorganic model complex.^[@ref13]^ The reactive oxygen intermediate in MIOX was characterized by Mössbauer spectroscopy,^[@ref14],[@ref15]^ making this the only enzyme system with direct evidence for an iron(III) superoxide species that performs C--H activation.^[@ref11]^ An iron(III) superoxide intermediate was also characterized by EPR and Mössbauer spectroscopy in homoprotocatechuate dioxygenase,^[@ref16]^ but the subsequent chemistry was oxidation of an aromatic ring and distinct from C--H activation. While a superoxo species has also been proposed to carry out H atom abstraction in isopenicillin *N* synthase (IPNS), the mechanistic conclusions derive solely from structural^[@ref17]^ and spectroscopic^[@ref18]^ studies using NO as an analogue of O~2~. In general, direct experimental evidence for the existence of a superoxo intermediate in mononuclear nonheme iron(II) oxygenases has remained elusive, thus stimulating the search for an alternate means of providing support for the intermediacy of a superoxo intermediate in these enzymes.

Oxygen (^18^O) kinetic isotope effects (KIEs) have proven to be an effective method to interrogate the nature of activated oxygen species in a range of metalloenzymes.^[@ref19]^ Experimentally, ^18^O KIEs are measured in a competitive fashion using natural abundance levels of ^18^O, and thus the measured KIE is on *k*~cat~/*K*~m~, noted as ^18^(*V*/*K*). This method has been applied to explore both oxygen binding equilibrium isotope effects (EIEs) of oxygen-transport proteins^[@ref20]^ and KIEs of a number of oxygenases.^[@ref21]−[@ref24]18^(*V*/*K*) reflects changes in the oxygen bond order that occur in all steps from initial O~2~ binding up to and including the first irreversible step.^[@ref23]^ As such, ^18^(*V/K*) can be utilized to deduce the nature of the species that carries out the H atom abstraction. In this context, the impact of the presence of a second isotope in the substrate (typically deuterium) on the magnitude of ^18^(*V*/*K*) serves as an important probe for the timing of H atom abstraction relative to reductive steps at O~2~.^[@ref23]−[@ref25]^

###### KIEs of HEPD and MPnS Compared to the Copper Enzymes PHM and DβM

  enzyme                                                HEPD                                 MPnS                                 PHM                                          DβM
  ----------------------------------------------------- ------------------------------------ ------------------------------------ -------------------------------------------- -------------------------------------------
  BDE[a](#t1fn1){ref-type="table-fn"} (kcal·mol^--1^)   80[b](#t1fn2){ref-type="table-fn"}   80[b](#t1fn2){ref-type="table-fn"}    \< 82.0[c](#t1fn3){ref-type="table-fn"}     85(2)[d](#t1fn4){ref-type="table-fn"}
  ^18^(*V*/*K*)~H~[e](#t1fn5){ref-type="table-fn"}      1.0148(9)                            1.0158(10)                           1.0173(9)[f](#t1fn6){ref-type="table-fn"}    1.0197(3)[g](#t1fn7){ref-type="table-fn"}
  ^18^(*V*/*K*)~D~[h](#t1fn8){ref-type="table-fn"}      1.0231(26)                           1.0189(13)                           1.0212(18)[f](#t1fn6){ref-type="table-fn"}   1.0256(3)[g](#t1fn7){ref-type="table-fn"}

Estimated bond dissociation energy of the activated C--H bond.

Average BDE of sodium and potassium methanolate: CH~2~(OM)-H.^[@ref36]^

BDE of glycine ion: NH~2~CH(COO^--^)-H.^[@ref35]^

BDE of ethylbenzene: PhCH(CH~3~)-H.^[@ref27]^

Measured with all-protio substrates.

Reference ([@ref24]).

Reference ([@ref23]).

Measured with substrates deuterated at the transferring hydrogen, i.e., \[2-^2^H~2~\]-2-HEP for HEPD and MPnS, *N*-\[benzoyl-2-^2^H~2~\]-glycine (labeled hippuric acid) for PHM, and \[2-^2^H~2~\]-dopamine for DβM.

In this study, the ^18^(*V*/*K*) for all-protio-HEP and \[2-^2^H~2~\]-2-HEP has been measured ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, left two columns). All of the KIEs are small and in the range of 1.5--2.3%. Most significantly, the ^18^O KIEs measured for deuterated substrates are larger than those measured with unlabeled substrates for both HEPD and MPnS. This phenomenon is a violation of the rule of the geometric mean and reflects the effect of substrate deuteration on rate limiting steps when C--H cleavage is only partially rate determining. A determination of the ^2^H KIE as a function of O~2~ with HEPD as catalyst indicates that deuterated substrate does, in fact, react more slowly than the unlabeled substrate under the condition of low \[O~2~\] ([Figure S3](#notes-1){ref-type="notes"}). This apparent ^2^H KIE on *k*~cat~/*K*~m~(O~2~) contrasts with the recent report^[@ref7]^ of an absence of ^2^H KIEs on either *k*~cat~ or *k*~cat~/*K*~m~(2-HEP) for native HEPD. A pattern of different isotope effects on *k*~cat~ and the individual *k*~cat~/*K*~m~ parameters for different substrates is fairly common in enzymology (cf. ref ([@ref37])) and arises from the contribution of different steps and accompanying rate constants in each instance. As illustrated in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, a slowing down of the hydrogen transfer step via the incorporation of deuterium unmasks an ^18^O isotope effect that occurs either prior to or concomitant with C--H cleavage. This observation contrasts with mechanisms where the reactive oxygen-derived species is irreversibly formed prior to H-atom abstraction.^[@ref21],[@ref25]^ For the latter case, as anticipated in Fe(IV)=O forming enzymes, any possible fractionation at oxygen will be complete before C--H cleavage and hence insensitive to substrate deuteration. This study is the first instance of the application of a double isotope probe to iron-containing oxygenases. The results obtained for HEPD and MPnS parallel those seen earlier for the copper monooxygenases peptidylglycine α-hydroxylating monooxygenase (PHM)^[@ref24]^ and dopamine β-monooxygenase (DβM)^[@ref23]^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, right two columns), where a consensus mechanism involving hydrogen atom abstraction by a copper(II) superoxide complex has emerged.^[@ref26]^ In the case of iron-based chemistry, a large range of valence states is available to the metal center, and it is possible to conceptualize an iron(III) superoxide species as containing some contribution from a formal iron(IV) peroxide resonance structure ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). This higher valence species is of possible interest here because of its anticipated impact on the bond order at oxygen, which could further impact the magnitude of the observed ^18^O KIEs. This issue is addressed further below.

![Impact of Substrate Deuteration on the Reaction Coordinate\
The solid line represents a typical free energy surface of an enzymatic reaction. Before the first irreversible step, there are potentially multiple steps sensitive to an ^18^O KIE on (*V*/*K*). When these are only partially rate determining, the ^18^(*V*/*K*) will become "masked" and hence smaller than the intrinsic value. The use of deuterated substrate (with its larger free energy barrier, dotted line) can unmask the ^18^(*V*/*K*), leading to an increased value of this parameter; by contrast, if the deuterium-sensitive step occurs after the first irreversible step, the ^18^(*V*/*K*) remains unchanged.](ja-2015-03907h_0002){#sch2}

![Proposed H-Atom Abstraction Species](ja-2015-03907h_0003){#sch3}

The bond dissociation energy (BDE) of an unactivated C--H bond of a primary alcohol can be as high as 93 kcal/mol.^[@ref27]^ Though a deprotonation of the hydroxyl group may lower the BDE to ca. 80 kcal/mol,^[@ref36]^ this is still a significant barrier, raising the question how enzymes that employ a formal Fe(III)--O~2~^•--^, e.g., HEPD and MPnS and a recently described alkene producing fatty acid decarboxylase,^[@ref28]^ manage the initial abstraction of a hydrogen atom from their substrates. There are three distinct conceptual frameworks for understanding these C--H bond cleavage reactions. In the context of a semiclassical transition state, both hydrogen and oxygen isotope effects arise from changes in vibrational frequencies between the ground state and transition state. In the case of a metal oxygen complex, the ^18^O KIE will be the product of the EIE for the formation of a metal-superoxo species (^18^*K*~eq~ ≈ 1.004--1.005, ref ([@ref20])), together with further changes in force constants that accompany the hydrogen atom transfer; there is also the expectation of a small additional isotope effect arising from the reaction coordinate frequency. However, even in the event of a late transition state, with the property of an ^18^O KIE that is closer to the ^18^O EIE for hemerythrin than the ^18^O EIE of myoglobin/hemoglobin ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), it is difficult to see how a direct H-transfer from substrate to Fe(III)−O~2~^**•--**^ could elevate the ^18^O KIE to the observed effect of ca. 1.02.

###### EIEs in Oxygen Binding Proteins[a](#t2fn1){ref-type="table-fn"}

![](ja-2015-03907h_0004){#fx1}

Data obtained from ref ([@ref20]).

Alternatively, the observed ^18^O KIEs may be best rationalized in the context of a net hydrogen atom transfer that occurs by nuclear tunneling. This is a likely scenario for HEPD and MPnS, given the demonstrated importance of hydrogen tunneling in enzymatic C--H activation reactions.^[@ref29]−[@ref32]^ In this instance, the ^18^O KIE resides within the environmental reorganization term that establishes the appropriate bond order at the reactive oxygen center to promote hydrogenic wavefunction overlap between the hydrogen donor and acceptor wells (cf. ref ([@ref32])). In this instance, it was conceivable that the bond order at the activated oxygen center could have resembled Fe(IV)−OO^2--^ with the expectation of an ^18^O KIE analogous to hemocyanin ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). However, detailed EPR and Mössbauer studies of the reactive Fe(III)−O~2~^•--^ in the homoprotocatechuate dioxygenase system have shown that the structure of this species is fully described as a combination of a high spin (S~1~ = 5/2) ferric center that is antiferromagnetically coupled to an S~2~ = 1/2 radical.^[@ref16]^ On this basis, we consider any contribution from an Fe(IV)−OO^2--^ resonance form, [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}, to the ground state activated oxygen in HEPD and MPnS highly unlikely.

We therefore turn to the final possibility that the measured values for ^18^(*V*/*K*) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) reflect a nuclear tunneling contribution to the environmental reorganization at oxygen. This approach takes into account a role for tunneling of heavy atoms as they undergo changes in bond order in proceeding from reactant to product^[@ref33],[@ref34]^ and has been able to successfully reproduce the unusual trend for ^18^(*V*/*K*) in glucose oxidase where the magnitude of the KIE is found to become smaller as the driving force is decreased.^[@ref22]^ A similar analysis of the trend in ^18^(*V*/*K*), published earlier for DβM,^[@ref23]^ is now carried out in this work ([Figure S4](#notes-1){ref-type="notes"}), showing that nuclear tunneling is also needed to provide an explanation for the falloff in ^18^(*V*/*K*) with decreasing rate. In the absence of individual experimental rate constants for the isolated C--H bond cleavages in HEPD and MPnS, it is difficult to extend this type of analysis to the present systems under investigation. Nonetheless, the combination of ^18^O KIEs for HEPD and MPnS, which are both similar to DβM in magnitude and sensitivity to substrate deuteration, points toward a similar interpretation for the data presented herein. Among the three possible interpretations, the most probable is a tunneling of H^•^ from substrate to Fe(III)--O~2~^•--^, which is accompanied by oxygen tunneling within the reactive iron-superoxide complex. Two computational studies have previously investigated the early steps of the HEPD reaction mechanism.^[@ref9],[@ref10]^ Both studies concluded that substrate activation involved hydrogen atom abstraction from C-2 of substrate by a ferric-superoxide species. In one model the hydrogen abstraction occurred from substrate that still retained the proton of the hydroxyl group of the substrate, whereas in a second model the hydroxyl group had lost its proton prior to hydrogen atom abstraction. However, in both models the hydrogen atom transfer step from C-2 of substrate to the ferric-superoxide was rate-limiting, consistent with the observed substrate deuterium KIE on *k*~cat~/K~m~(O~2~) in this study. The absence of KIEs on *k*~cat~ and *k*~cat~/*K*~m~(2-HEP) is likely a consequence of nonchemical partially rate limiting steps that involve substrate binding/conformational change or product release that are common in enzymatic reactions but not typically detected by computational methods. Neither previous computational study discussed the possibility of hydrogen (or oxygen) tunneling.

To conclude, the single most significant finding from this study is an increase in the magnitude of the ^18^O KIE when deuterated HEP is substituted for unlabeled substrate. This finding, in strong analogy to the properties of DβM, indicates that the H-atom abstraction step must occur either prior to or concomitant with the first irreversible step of O~2~ reduction ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). We note that an initial, reversible formation of iron(III) superoxide not only satisfies the experimental findings but also satisfies the experimental exigencies of such enzymes operating in the absence of any exogenous reductant(s).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b03907](http://pubs.acs.org/doi/abs/10.1021/jacs.5b03907).Experimental procedures for the ^18^O KIE measurement; raw data and plots of isotope fractionation for ^18^O KIE measurement; reanalysis of the relationship between rates for hydrogen atom transfer and ^18^O KIEs in DβM ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03907/suppl_file/ja5b03907_si_001.pdf))
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